bryo extracts, Nykä nen et al. (2001) observed two siRNA binding complexes. The smaller of these two complexes (Ͻ232 kDa) coeluted with mRNA cleavage activity whereas the larger one ‫063ف(‬ kDa) did not. They also detected significant mRNA cleavage activity along with unwound siRNAs in the void fractions, presumably from complexes too large to enter the gel matrix. To examine how the native gel complexes compare with the previously identified siRNA binding complexes, we performed a similar fractionation. Extracts treated with radiolabeled Ppluc siRNAs were chromatographed on a Superdex-200 column. Fractions were collected and assayed both for their ability to form complexes on a native gel and to cleave targeted Pp-luc mRNAs. Of the three complexes, only R1 eluted as a discrete peak, migrating between the 440 kDa and 232 kDa size markers (Figure 2A , fractions 18-30). We did not detect the R2 complex. However, we did observe R3, which eluted in the void (Figure 2A , fractions 4 and 6). When we assayed the fractions for mRNA cleavage activity, most of it was also in the void ( Figure 2B ). We observed neither discrete complexes nor significant cleavage activity in the Ͻ232 kDa fractions as previously observed, perhaps due to the milder conditions (lower flow rate and temperature) used during our fractionation. Based on these results, we conclude that R1 corresponds to the ‫063ف‬ kDa complex identified by Nykä nen et al. (2001) .
To determine whether any of the native gel complexes exist as pre-formed apo-complexes in the absence of siRNAs, we fractionated a naïve extract (i.e., one which 
R1 Is an RNAi Initiator Complex that Contains Dcr-2
Since the factors required to form R1 remained intact discuss the nature of this material below. The R1, R2, and R3 complexes only form on phosphorylated siRNAs after gel filtration, we combined the R1-forming gel filtration fractions ( Figure 2C , fractions 18-32) and further or those that can become phosphorylated by incubation with ATP; they do not form on 5Ј-hydroxyl-bearing purified them by MonoQ ion exchange chromatography. The MonoQ fractions were incubated with radiolabeled siRNAs incubated in extracts depleted of ATP ( Figure  1, lane 3) , as expected for bona fide RNA silencing comsiRNAs to monitor R1 formation, yielding a discrete R1 peak ( Figure 3A ). Since R1 formation requires Dcr-2, we plexes (Nykä nen et al., 2001). All three complexes assemble on different, unrelated siRNAs (data not shown).
reasoned that it may contain Dcr-2 and perform functions attributed to Dcr-2, such as dsRNA processing. Notably, R3 formation exhibits the ATP enhancement expected of an RNAi effector complex (Figure 1 ). To Indeed, when the MonoQ fractions were treated with labeled dsRNAs, only those that could form R1 (Figure address the relevance of the native gel complexes to RNAi, we examined their formation in an extract pre-3A) were active for dsRNA processing ( Figure 3B ). Extracts that lack Dcr-2 are deficient in target mRNA pared from dcr-2 null mutant embryos. This mutant is RNAi defective both in vivo and in vitro (Lee et al., 2004 cleavage, even when pre-cleaved siRNAs are used as the silencing trigger (Lee et al., 2004) . To determine [this issue of Cell]). Significantly, the native gel complexes do not form in a lysate prepared from the mutant whether the R1 complex might be required for the effector phase of RNAi, we tested whether the R1-forming embryos (Figure 1, lanes 1 and 2) . Taken together, the salient features of these complexes and the requireMonoQ fractions ( Figure 3A ) could rescue the mRNA cleavage defect in a dcr-2 mutant extract. Neither the ments for their formation correlate precisely with known prerequisites for RNAi.
MonoQ fractions nor the dcr-2 extract, alone, could direct mRNA cleavage ( Figure 3C , lanes 5-12 and lane Using gel filtration chromatography on Drosophila em- Figure 3A , fraction 5). We then added excess, unlabeled duplex that does not require Dcr-2-mediated dsRNA processing. However, when the MonoQ fractions and siRNA duplexes followed by whole, wild-type extract. Aliquots were removed at specific time points and loaded dcr-2 extract were combined, mRNA cleavage activity was reconstituted ( Figure 3C, lanes 16 and 17) . The data onto a running, native gel. As shown in Figure 3E , R1 quickly gives rise to R2 (lane 1), and later to R3 (lane 7). suggest that later events in the RNAi pathway, including mRNA cleavage, are at least indirectly dependent upon Between 30 and 60 min, R2 disappears and R3 arises ( Figure 3E , lanes 6 and 7), suggesting that R2 may conthe R1 complex.
We next performed a timecourse experiment to see vert to R3 during this interval; however, these results do not exclude the possibility that R3 might form directly how quickly the complexes form relative to one another ( Figure 3D ). R1 forms rapidly, reaching a maximum after from R1, with R2 representing an unstable off-pathway complex. Both R2 and R3 were derived from R1 because about five minutes. R2 forms almost as quickly, but R3 lags significantly behind. This experiment, combined when preformed R1 was simultaneously treated with both labeled and unlabeled siRNAs and then incubated with our previous data, suggests that the complexes might be linked within a common pathway. In parallel with whole extract, no complexes formed ( Figure 3E , lane 9), demonstrating that the amount of unlabeled timecourses, R3 complex assembly precedes target mRNA cleavage, as expected of an active effector comsiRNA added was sufficient to block de novo complex formation on labeled siRNA duplexes. As a negative plex (Supplemental Figure S1 at http://www.cell.com/ cgi/content/full/117/1/83/DC1).
control, we performed the chase with buffer rather than extract and observed no higher order complex formation To address the potential precursor-product relationship between R1 and the other complexes, we per-( Figure 3E , lane 8), demonstrating that R1 has no intrinsic ability to convert to R2 or R3. The delayed kinetics of formed a pulse-chase experiment that was monitored by native gel electrophoresis ( Figure 3E) . To do this, we R3 formation in this experiment (relative to the standard timecourse in Figure 3D ) is possibly due to the presence formed R1 by incubating trace amounts of radiolabeled 1-7) . A control experiment (lane 8) used lysis buffer rather than total extract during the chase. In the additional control experiment shown in lane 9, the excess unlabeled siRNA duplex was added at the outset (along with the radiolabeled siRNA duplex). Complexes and unbound siRNA are indicated.
‫052ف‬ kDa band from UV-treated extracts, indicating that cate that Dcr-2 can interact transiently with 5Ј-hydroxyl siRNAs within R1. This interaction can be trapped by siRNAs can crosslink to Dcr-1 ( Figure 4A, lane 4) ; other bands present in the Dcr-1 immunoprecipitates also ap-UV crosslinking but is otherwise unsustainable in the absence of a 5Ј-phosphate. Since both functional peared in the negative control samples, indicating that they were nonspecific.
(5Ј-phosphate) and nonfunctional (5Ј-hydroxyl) siRNAs are able to interact with Dcr-2 within the R1 initiator We next examined whether Dcr-2 and siRNAs closely interact within the R1 complex by performing a twocomplex, the rejection of 5Ј-hydroxyl siRNAs occurs at some point in the RNAi pathway after initial binding to dimensional gel electrophoresis experiment on UV-irradiated extracts. To do this, wild-type embryo extracts Dcr-2. were incubated with radiolabeled siRNAs, subjected to UV irradiation, treated with heparin, and analyzed by R3 Is an RNAi Effector Complex native gel electrophoresis. The entire native gel lane was As noted previously, both mRNA cleavage activity and then excised, layered horizontally on an SDS-polyacrylthe R3 complex fractionate in the void by Superdexamide gel, and subjected to electrophoresis in the sec-200 chromatography (Figures 2A and 2B ), hinting at a ond dimension. When visualized in the second dimenpossible role for R3 in target cleavage. However, we sion, R1 resolves into several bands, one of which is were unable to correlate the R3 complex with mRNA Dcr-2 ( Figure 4B) . Interestingly, the Dcr-2 crosslink trails cleavage activity because both elute in the void volume into the R2 and R3 regions of the gel. Based on these and not as distinct peaks. To isolate the R3 complex data, we conclude that R1 harbors Dcr-2 in intimate and to determine whether it can cleave targeted mRNAs, association with siRNAs. This association persists in we incubated radiolabeled Pp-luc siRNA duplexes with higher order siRNPs, on a pathway leading from the R1 extract and fractionated the mixture through a Supercomplex to R3.
dex-200 column. The void volume was collected and In addition to Dcr-2, we observed a crosslinked specentrifuged through a 20%-50% sucrose gradient to cies in R1 and higher order siRNPs corresponding to separate high molecular weight complexes. Figure 5C ). R3Јs sedimentation profile likely represents a weak interaction. The Dcr-2 crosslink, naturally raises the possibility that it is a ribosome bound on the other hand, survives the heparin challenge, sugcomplex. To address this, we resolved complexes that gesting that the Dcr-2/siRNA association is more stable were formed from total extract on a native gel and ( Figure 4C, lane 2) . probed a blot of the gel for rRNAs (Supplemental Figure  S2 on Figure 5D , left panel). Dcr-1 was present as well. These served on the 5Ј-hydroxyl siRNA ( Figure 4C ). In contrast, the Dcr-1/siRNA crosslink was significantly enhanced data correlate well with our UV crosslinking results showing that Dcr-1 and Dcr-2 are intimately associated by ATP on both 5Ј-hydroxyl and 5Ј-phosphate siRNAs ( Figure 4C ). When the same crosslinking reactions were with siRNAs in the R2 and R3 regions of a native gel ( Figure 4B ). The immunoblot profiles were not identical analyzed by native gel, we observed complexes assembled on 5Ј-hydroxyl siRNA duplexes in the absence of for all proteins; for example, dFXR trails into the fastersedimenting fractions, consistent with its ability to asso-ATP, but only when the samples had been UV irradiated ( Figure 4D, compare lanes 4 and 8) . These results indiciate with polysomes (Jin and Warren, 2003). Some het- erogeneity may exist among the ‫08ف‬S siRNA-contionally and physically, to the Dcr-2/R2D2 RNAi initiator complex. The siRNA/Dcr-2 interaction formed in the inititaining complexes.
When we treated naïve extracts with the same chroator complex appears to persist in the effector, even after siRNA unwinding. matographic and centrifugation procedures, we did not detect Dcr-2 or R2D2 in comparable fractions ( Figure  If 
R2Јs mobility in a native gel decreases slightly with time
In addition, a nonspecific (i.e., Dcr-2-and siRNA-independent) com-( Figures 3D and 3E) . siRNA unwinding may occur during plex that forms on the mRNA target is denoted with an arrow. this process, leading to formation of R3.
The R3 complex is significantly enhanced by incubation with ATP, a known requirement for activated RISC methyl target did not comigrate with R3 (Figure 6 , lanes formation. R3 is very large (80S) and cofractionates with 6-8). Because the dcr-2 mutant extract is incapable of the known RISC-associated components VIG, TSN, Ago2, forming the R3 complex (Figure 1) , this result indicates and dFXR. The siRNAs associated with R3 are single that the target binding activity is, in fact, R3. Together, stranded, and the complex co-sediments precisely with the data demonstrate that R3 is an RNAi effector commRNA target cleavage activity. Finally, R3 can bind a plex that can bind and cleave targeted mRNAs. cognate mRNA target. Based on these results, we conclude that R3 is an RNAi effector complex that is signifiDiscussion cantly larger than those previously described. Throughout the course of this work, we frequently A Model for Silencing Complex Assembly observed radiolabeled RNA at the top of the native gel and Function in RNAi lanes, which we labeled with an asterisk. This kind of We have shown that Drosophila RNA silencing commaterial is common in native gel analyses of large nuplexes can be resolved by native gel electrophoresis cleoprotein complexes like spliceosomes (e.g., Konarand have further demonstrated that these complexes ska and Sharp, 1986), ribosomes (e.g., Nadano et al., act at defined stages in the RNAi pathway. Our data are 2001), and transcription factor complexes (e.g., Shaw consistent with a model in which the complexes form et al., 1989) and is typically left uncharacterized. It may sequentially, in a pathway that begins and ends with represent a distinct functional complex, a portion of the Dicer, ultimately leading to target mRNA destruction R1, R2, and R3 complexes that has difficulty entering (Figure 7) . the gel, a nonspecific complex, or some combination Of these complexes, R1 forms the earliest. It does not of these possibilities. It is difficult to unambiguously require ATP to form and contains Dcr-2, which directly characterize this material. At least some of it forms independently of ATP and Dcr-2 (Figure 1) , inconsistent with binds siRNAs. R1 corresponds to a previously identified thought to release siRNAs to RISC, playing no apparent
The synthetic Pp-luc siRNAs used in target mRNA cleavage, UV crosslinking, and native gel experiments were identical to those role in the effector phase of RNAi. However, the pres- ., 1999) . Similarly, the mRNA and dsRNA cleavage reac-0.25 mg/ml) (Sigma), concentrated (Microcon YM-30, Millipore), and
